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SUMMARY
Understanding the mechanisms of antibody-mediated neutralization of SARS-CoV-2 is critical in combating
the COVID-19 pandemic. Based on previous reports of antibody catalysis, we investigated the proteolysis of
spike (S) by antibodies in COVID-19 convalescent plasma (CCP) and its contribution to viral neutralization.
Quenched fluorescent peptides were designed based on S epitopes to sensitively detect antibody-mediated
proteolysis. We observed epitope cleavage by CCP from different donors which persisted when plasma was
heat-treated or when IgG was isolated from plasma. Further, purified CCP antibodies proteolyzed recombi-
nant S domains, as well as authentic viral S. Cleavage of S variants suggests CCP antibody-mediated prote-
olysis is a durable phenomenon despite antigenic drift. We differentiated viral neutralization occurring via
direct interference with receptor binding from that occurring by antibody-mediated proteolysis, demon-
strating that antibody catalysis enhanced neutralization. These results suggest that antibody-catalyzed dam-
age of S is an immunologically relevant function of neutralizing antibodies against SARS-CoV-2.
INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-

2) is responsible for the current global pandemic of coronavirus

disease-2019 (COVID-19). The genome of SARS-CoV-2 is

�79% and �50% conserved with respect to SARS-CoV and

MERS-CoV,1 two human coronaviruses that caused serious ep-

idemics in recent years. There is a high degree of sequence con-

servation in the structural and nonstructural proteins encoded by

SARS-CoV-2 and SARS-CoV. One notable exception is the S

protein, in which divergence is observed at key receptor-

engaging residues as well as three short insertions within the

N-terminal domain.2 The S protein is a homotrimeric glycopro-

tein with twomajor subunits: S1 and S2. S2 comprises the highly

conserved fusion machinery, while S1 mediates host receptor

binding primarily through its receptor binding domain (RBD),

which interacts with angiotensin-converting enzyme 2 (ACE2) re-

ceptors. The receptor binding domains in SARS-CoV-2 prefu-

sion spike complex transiently exchange between either

‘‘open’’ or ‘‘closed’’ conformations relative to the stem of the S

protein,3 where the closed conformation is incapable of receptor

binding, and the open conformation is binding-competent.4–6
C

The SARS-CoV-2 RBD has a higher binding affinity for ACE2

than the homologous receptor engaging domain in SARS-

CoV,7 but the former predominantly assumes the closed config-

uration, which may aid immune evasion by partially masking

neutralizing epitopes.3 Multiple proteolytic activation steps are

required to loosen the sequestered RBD ‘‘closed’’ arrangement

into the ‘‘open’’ conformation to allow ACE2 binding and subse-

quent dissociation of the S1 subunit. This in turn triggers a large

rearrangement of the S2 fusionmachinery that enables the inser-

tion of the fusion peptide into the host membrane and initiation of

viral fusion.8–10 Owing to its accessibility on the viral surface and

critical function in viral fusion to host membranes, the S protein is

a rational target for immunological and pharmaceutical disrup-

tion of viral pathogenesis. However, extensive glycosylation of

the S protein blankets approximately 40% of the protein surface,

sterically shielding many epitopes from immune recognition.11

As the RBD ismostly devoid of glycosylation and houses the crit-

ical receptor binding residues, many neutralizing antibodies are

directed to RBD epitopes.

Massive vaccination campaigns and monoclonal antibody

therapies targeting the S protein of the ancestral SARS-CoV-2

strain initially demonstrated remarkable efficacy.12–16 However,
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these interventions also applied significant selective pressure

that yielded novel variants capable of breakthrough infections

in previously immune populations.17,18 COVID-19 convalescent

plasma (CCP) is an alternative passive antibody therapy

requiring no development and low investment, and its availability

is limited only by willing donors.19 Additionally, CCP provides

tailored protection against specific circulating strains within a

given community.20 Thus, high-titer CCP has emerged as an

attractive therapeutic approach, as it reduces the risk of hospi-

talization and decreases the risk of mortality for hospitalized pa-

tients who do not have any detectable antibodies or who are im-

munosuppressed.21–27 Because CCP contains neutralizing

antibodies, the primary mechanism of CCP activity is thought

to be as an antiviral agent. Higher SARS-CoV-2 neutralizing titers

are associated with increased Fc-dependent functions, specif-

ically increased complement activation, phagocytosis, and

antibody-dependent cellular cytotoxicity against SARS-CoV-2-

infected cells.28,29 Recent work suggests that antibody-medi-

ated antigen catalysis is yet another mechanism by which CCP

can neutralize virus.30

Based on the transition-state stabilization theory of catalysis,

the existence of antibodies with catalytic properties has long

been theorized: Paratopes raised against transition-state ana-

logs corresponding to specific chemical reactions should lower

activation energy barriers for chemical conversions. In 1989,

the first naturally occurring antibodies that hydrolyzed their

cognate antigen were described, followed by many more exam-

ples of antibodies cleaving a diverse set of antigens.30–33

Although many natural catalytic antibodies have been linked to

deleterious pathologies, others are associated with protective

roles against microbes or in homeostasis.31 For example, cata-

lytic antibodies specific to the capsule of the pathogenic fungus

Cryptococcus neoformans have been demonstrated to cleave

their antigen, resulting in altered complement deposition and

increased phagocytosis.30 As such, we investigated whether

CCP antibodies could actively proteolyze the S protein and

play a protective role in antiviral immunity. Here we report that

purified antibodies from CCP catalyze the cleavage of peptide

epitopes and recombinant S protein fragments, including vari-

ants of concern (VOCs) which arose after these units of CCP

were collected. In addition, we show that antibody proteolysis

of full-length S in the context of authentic SARS-CoV-2 virus

contributes a significant portion of CCP antibody neutralization

capacity, suggesting an important role for this process in viral

neutralization via damage of S proteins and attenuation of recep-

tor binding.

RESULTS

Design of peptide epitopes based on interfacial residues
of RBD
TheACE2 interaction region of the Sprotein, knownas the recep-

tor bindingmodule (RBM;Ser438-Pro507), is an extended insertion

into the anti-parallel b-sheet core fold of the RBD34–36 (Fig-

ure S1A). The RBD-ACE2 interaction is dominated by extensive

interactions with the N-terminal helix of ACE236 (Figure S1C). An-

tibodies with epitopes that overlap with the RBM binding site are

thought to be neutralizing via competitive bindingwith ACE2. The

completeRBMepitope is fully accessible only in the ‘‘RBD-open’’
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conformation, but with specific angles of approach and subepi-

topes, certain antibodies are capable of binding regardless of

RBD conformation37–39 (Figures S1B and S1C). Such antibodies,

belonging to the class II binding mode proposed by Finkelstein

et al.,38 are extremely versatile RBDbinders. As such,we focused

on the portion of the RBM which overlaps with the class II nAb

epitope and designed two peptides intended to mimic the nAb-

RBD epitope interface: RBM epitope peptide 1 (RBM1) consists

of residues Lys444-Leu452 (KVGGNYNYL) and RBM2 consists of

residues Val483-Ser494 (VEGFNCYFPLQS) (Figures 1B and

S1C). The biological interface between RBD and ACE2 encom-

passes 864 Å2 of surface area, of which RBM1 and RBM2

contribute 10% and 39% of the total interface, respectively. Of

the five critical residues for ACE2 engagement, RBM2 contains

three (F486, Q493, and S494) and RBM1 has none.1With respect

to the immunological interface formedwith a representative class

II neutralizing antibody P2B-2F6, RBM1, and RBM2 encompass

interfaces of 329 and 327 Å2, respectively, which together ac-

count for the complete interface (Figure S1C). Thus, cleavage

of the RBM2 sequence would likely result in direct disruption of

ACE2 recognizing residues, while cleavage of the more readily

accessible RBM1 site could exert indirect structural changes

that may interfere with ACE2 engagement.

High-throughput assay to detect RBM peptide epitope
proteolytic cleavage
These two RBM epitopes were synthesized as quenched fluo-

rescent peptides to generate sensitive fluorescent resonance

energy transfer (FRET) reporters of RBM-specific proteolysis.

Each RBM peptide was appended with an Mca fluorophore

and Dnp quencher at its N- and C-termini, respectively (Fig-

ure 1A). In a pilot screen to assess the catalytic cleavage of

RBM-derived peptides by convalescent antibodies, we selected

four random aliquots of CCP units obtained near the onset of the

pandemic (June 2020). These CCP units varied markedly in spe-

cific antibody titers (�5 ng/mL–5 mg/mL, Table S1), which was

expected given that neutralizing titers are highly variable among

individuals who have recovered from COVID-19.40 Each CCP

unit was incubated with a single quenched fluorescent peptide

under physiological conditions (37�C) for 5 h. Fluorescence

was monitored over time and converted to molarity of substrate

using themaximal fluorescence observed in proteinase K control

reactions, which represent complete proteolysis of each pep-

tide. RBM cleavage was observed for every CCP sample in our

pilot study, although cleavage velocities varied (Figures 1C and

S2, and Table S1). Further, catalytic activity did not increase in

a dose-dependent manner, but instead diminished at higher

concentrations of convalescent plasma (Figures S2 and S3,

and Table S1). Such impairment of immune complex formation

at exceedingly high antibody concentrations, which results in

lower activity for concentrated samples above a critical

threshold, is known as the hook or prozone effect.41–43 Observa-

tion of this phenomenon in our kinetics data strongly suggests an

antibody-mediated competition phenomenon.

Next, we sought to confirm that the observed cleavage was

antibody-mediated, rather than from spurious cleavage from

canonical proteases or other catalytic components found in hu-

man plasma. Non-immunoglobulin components in CCP were

denatured by heat treatment at 55�C, a temperature routinely



Figure 1. Antibody-mediated antigen FRET proteolysis assay with purified IgG from CP donors

(A) Schematic of FRET proteolysis principle employed in this assay. Mca fluorophore and Dnp quencher pairs were appended to the N- and C-termini of each

RBM epitope peptide. Intact peptides do not fluoresce when excited by a 320 nm laser line due to resonance energy quenching by the covalently attached Dnp

quencher. When the intervening peptide backbone is cleaved, quenching is relieved and fluorescence is observed.

(B) The locations of the two FRET peptide sequences on the tertiary structure of the receptor binding domain are highlighted (RBM1, yellow; RBM2, green).

(C) FRET kinetic traces illustrate the relative activity of untreated and heat-treated convalescent plasma from four different donors (labeled CCP1-4, 2-fold dilution

of CCP). See Figure S2 and Table S1 for full CCP kinetic data.

(D) The concentration of purified CCP3 antibodies was titrated from total antibody concentrations of 10mg/mL to 156 mg/mL tomeasure the dose dependence of

antibody concentration on peptide cleavage. See Table S2 for full kinetic CCP IgG kinetic data. Each kinetic curve is displayed as the mean ± S.D. of 2 replicates,

and fluorescence measurements were converted to units of molarity of proteolyzed peptide epitope using each corresponding positive control.

(E) The kinetic traces of peptide proteolysis mediated by CCP3 and a set of six nonimmune plasma samples are overlaid, where 5mg/mL of purified total IgG from

each plasma sample was incubated with RBM FRET epitopes. Cleavage of RBM1 and RBM2 epitopes are displayed on the left and right, respectively. See

Figure S5 and Table S3 for full nonimmune IgG kinetic data.
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used to inactivate complement proteases while sparing highly

thermostable antibodies.44,45 A comparison of the activities

from heat-treated versus untreated plasma samples demon-

strated that 40–55% of activity was retained after heat treat-

ment (Figure S2 and Table S1). The attenuation of observed

proteolysis may also be due to the reduction in specific anti-

body catalysts, as 2-fold reductions of IgG and IgM titers

were observed following similar heat-inactivation proced-

ures.46 Proteolysis rates of RBM2 across the four CCP units

tested here were, on average, 32% faster than for RBM1 for un-

treated plasma, and 86% faster than RBM1 cleavage rates by

heat-treated plasma. CCP3 has a relatively high proportion of

RBD-specific IgG and exhibited up to 40% faster initial veloc-

ities of RBM proteolysis than the other CCP tested (Table S1).

Interestingly, the proportion of RBD-specific antibody did not

directly determine catalytic activity in the heat-treated CCP

samples characterized here, as CCP containing lower levels

of RBD-specific antibody demonstrated comparable cleavage
activity to higher specific titer plasma (Figure S3). Heat-inacti-

vated nonimmune plasma obtained from a donor never

exposed to SARS-CoV-2 proteolyzed RBM1 and RBM2 at ve-

locities 97% and 34% of that observed for CCP3 (Figure S4).

RBD-specific antibody was depleted from CCP3 using RBD-

conjugated magnetic beads, resulting in a 2.2-fold reduction

of RBD-specific immunoglobulin (Figure 2A). Peptide cleavage

by a-RBD Ab-depleted CCP3 relative to untreated CCP3 was

attenuated by 6% and 27% for RBM1 and RBM2, respectively

(Figures 2B and 2C). Thus, RBD-specific antibody has an

outsized contribution to overall catalysis given that it

comprised only 0.04% of the total IgG in CCP3.

Next, to evaluate immunoglobulin-mediated catalysis sepa-

rately from any proteolytic contributions from non-antibody

components in plasma, we purified IgG from CCP3, which

had the highest RBD-specific antibody titers and fastest

RBM2 cleavage velocity after heat treatment. We subjected

this affinity-purified polyclonal CCP3 IgG to the same FRET
Cell Chemical Biology 30, 1–13, July 20, 2023 3



Figure 2. RBD-specific antibody depletion of CCP3 by adsorption to magnetic beads results in attenuation of cleavage activity

(A) Depletion of RBD-specific antibody from heat-treated CCP3 using RBD-conjugated magnetic beads was confirmed by quantitative ELISA. Absorbance

values at 405 nm for untreated (black) or bead-depleted CCP3 (red) are graphed as the mean ± S.D. of 2 replicates for each successive serial dilution and

calculated RBD-specific IgG concentrations are indicated.

(B) FRET kinetics of heat-treated CCP3 compared to heated-treated CCP3 depleted of RBD-specific antibody with RBD-conjugated magnetic beads. Fluo-

rescence values for non-depleted CCP3 (black) and bead-depleted CCP3 (red) are displayed for the 2-fold dilution. Each sample was measured in duplicate.

(C) Calculated initial velocities for depleted and non-depleted CCP3 at each serial dilution tested are displayed, with the percent initial velocity of RBD-depleted

CCP3 with respect to the corresponding dilution of non-depleted CCP3 are indicated with red labels.
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screen using a total IgG concentration in the range of

156–10,000 mg/mL (0.04–2.78 mg/mL a-RBD IgG). We observed

significant catalytic activity in the purified antibody sample,

which increased in a dose-dependent manner, as total anti-

body concentrations were kept below the prozone threshold

(Figure 1D and Table S2). Affinity-purified IgG from six nonim-

mune plasma donors was also characterized to establish a

baseline of the cross-reactive cleavage of nonimmune IgG.

We measured initial proteolytic velocities for RBM1 and

RBM2 in the ranges of 0.0005–0.024 mM/h and 0.002–

0.078 mM/h, respectively (Figures 1E and S5, and Table S3).

Compared to the initial velocities observed by antibody isolated

from CCP3 at the same total antibody concentration (0.165 and

0.255 mM/h for RBM1 and RBM2), this represents 0–15% and

1–30% of the observed velocity by CCP3 for each epitope.

Importantly, we noted that the relationship between the con-

centration of a-RBD IgG and peptide cleavage velocity

observed for the affinity-purified CCP3 IgG was comparable

to that of heat-treated total CCP3, indicating that heat treat-

ment effectively separates nonspecific cleavage by serum pro-

teases from antibody-mediated cleavage and can be used as a

proxy for cleavage by pure IgG in larger screens where individ-

ual purification is impractical (Figure S3).

RBM proteolysis correlates with CCP neutralization and
other attributes
After establishing a robust high-throughput FRET assay for RBM

epitope cleavage, we deployed our FRET proteolysis assay on

two collections of diverse CCP samples to ascertain if anti-
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body-mediated cleavage efficiency corresponded to relevant

immunological characteristics. In the first library, heat-treated

CCP from 46 random donors was screened for proteolytic cleav-

age of the RBM peptides. Significant inverse relationships were

observed for cleavage of both RBM peptides and patient age

(R = �0.387, p = 0.008 and R = �0.719, p < 0.001 for RBM1

and RBM2, respectively), and the negative correlation of peptide

cleavage to time since diagnosis closely approached the signifi-

cance threshold (R = �0.282, p = 0.057 and R = �0.281, p =

0.059) (Figure S6A). However, therewas no significant correlation

between S1-specific antibody titers measured by EuroImmun

and RBM cleavage (Figure S6A). We then screened a second li-

brary of 126 CCP samples40 to investigate the relationship be-

tween antibody-neutralizing function and cleavage activity. We

observed a weak positive correlation between total RBM1 cleav-

age and microneutralization assay area under the curve (AUC)

values (R = 0.178, p = 0.047), indicating that antibody-mediated

cleavage may contribute to the neutralization of SARS-CoV-2

(Figure S6B). We also found a correlation between RBD-specific

antibody titers and the RBM1 cleavage, supporting the notion

that cleavage is associated with a specific antibody.

Antibody-mediated epitope cleavage is catalyzed
through several mechanisms
To gain a better understanding of the types of proteolytic mech-

anisms employed by catalytic antibodies in the in polyclonal

mixture, we subjected affinity purified antibody from CCP3 to

a protease inhibitor screen. We assessed the relative inhibition

of five specific protease inhibitors to gain insight into the



Figure 3. Protease inhibitor screens yields

mechanistic insights in antibody catalytic

mechanism

(A and B) RBM epitope probes were incubated

with CCP3 IgG in the presence of a set of protease

inhibitors to gain insight into the mechanism of

action. Kinetic traces of the reaction in the pres-

ence of AEBSF, bestatin, E�64, pepstatin-A, and

without inhibitor are displayed in blue, green, pur-

ple, black, and red, respectively. Panel A and B

show the mean cleavage of two replicates at 5 mg/

mL CCP3 IgG for RBM1 and RBM2 peptide

probes, respectively

(C) A heatmap of the initial velocities of each

reaction + inhibitor at 5 mg/mL, normalized to the

corresponding uninhibited velocity.

(D) Full table of initial velocities of cleavage for

CCP3 in presence of each inhibitor at all antibody

concentrations.
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contribution of each mechanism of action in the catalytic anti-

body population: AEBSF (serine proteases), bestatin (aminopep-

sidases), E�64 (cysteine proteases), and pepstatin-A (aspartic

acid proteases). We did not observe any appreciable inhibition

by E�64 or pepstatin-A, but measured a 42%and 13% inhibition

of RBM2 cleavage was observed for AEBSF and bestatin,

respectively, indicating that a fraction of antibodies in the conva-

lescent antibody population utilize serine protease and amino-

pepsidase-like mechanisms (Figure 3).

CCP antibodies cleave authentic S protein and
recombinant fragments
After determining that convalescent antibodies cleave RBD pep-

tide epitopes and that this activity was associated with virus

neutralization across a large CCP library, we investigated

whether the catalytic antibodies could also cleave full S proteins

in more stably folded tertiary configurations. Incubation of puri-

fied CCP3 antibodies with recombinant RBD (rRBD) or S1 (rS1)

protein domains for 7 days resulted in clear proteolytic degrada-

tion of the full-length protein (Figures 4A and 4B). The residual

band intensity of intact rRBD decreased in a dose-dependent

manner with respect to rRBD incubated at 37�C in the absence

of antibody. Incubation with CCP3 antibody in the range 250–

2000 mg/mL total IgG (70–560 ng/mL a-RBD IgG) resulted in

20–78% degradation of rRBD. Under the same conditions, rS1

protein was degraded 21–59%. Under these reaction conditions,

purified CCP3 antibody demonstrated a range of cleavage rates

from 0.45–1.75 nM/h and 0.82–2.30 nM/h when rRBD or rS1

were used as substrates, respectively. Further, we confirmed

that the proteolysis observed in these assays was specific to S
Cell
proteins, as no detectable degradation

was observed when we incubated an

irrelevant protein, bovine serum albumin,

in similar reaction conditions with purified

antibodies from three different CCP units

(Figure S7). To confirm that the observed

activity extended to full-length S protein

on authentic SARS-CoV-2 virus particles,

we examined the effect of CCP3 IgG incu-

bation with inactivated SARS-CoV-2 virus
(Figure 4C). Although the degree of degradation was less than

observed for recombinant S proteins in similar conditions (0–

15% band reduction compared to no-antibody control), we

also observed the concomitant accumulation of degradative S

fragments.

Antibody proteolysis enhances virus neutralization
Given that CCP antibody proteolyzes S protein on authentic

SARS-CoV-2, we next sought to directly measure the impact

of antibody catalysis on the ability of the virus to infect human

cells. As traditional human enzymes have optimal activity at

physiological temperature, we reasoned that lowering the tem-

perature could substantially reduce catalysis by antibodies.

Indeed, antibody-mediated cleavage of rRBD was significantly

attenuated below physiological temperatures (<37�C), and

nearly undetectable at 4�C (Figures 5A and 5B). Thus, we de-

signed a plaque reduction neutralization test (PRNT) protocol

that involved differential temperature preincubations of antibody

with virus to separate antibody binding of epitopes from anti-

body-mediated epitope proteolysis (i.e., incubation with virus

at physiological temperature activates antibody-mediated pro-

teolysis, while incubation at 4�C allows binding but inhibits pro-

teolysis). The incubation period of virus and antibody was also

extended from the 1 h incubation used in standard viral neutral-

ization assays to 6 h to allow sufficient proteolysis to occur.

Given that antibody-antigen binding is an enthalpically driven re-

action, we hypothesized that binding should be more favorable

at a low temperature given the lessening effect of the tempera-

ture-weighted entropy term. This was confirmed by indirect

ELISA where the antibody was bound to RBD antigen under
Chemical Biology 30, 1–13, July 20, 2023 5



Figure 4. Recombinant RBD and S1 is degraded by purified antibody from CCP3

Digestion reactions of recombinant S protein fragments were separated by SDS-PAGE and probed for residual S protein by immunoblot. The relative amount of

intact S protein remaining after each digestion reaction was quantified by normalizing band intensity of rRBD or rS1 or authentic viral S in the no-antibody control

to each experimental reaction.

(A) Recombinant RBD (10 mg/mL) was incubated with 250–2000 mg/mL purified IgG from CCP3 for a period of 7 days.

(B) Recombinant S1 (50 mg/mL) was incubated with 250–2000 mg/mL purified IgG from CCP3 for a period of 7 days.

(C) Inactivated SARS-CoV-2 virus (50 mg/mL) was incubated with 250–1000 mg/mL CCP3 antibody for a period of 10 days. Each reaction was run in duplicate and

the location of S protein monomer, multimers and proteolytic fragments is indicated. Below each panel (A–C), the relative amount of intact S remaining in each

digestion reaction with a gradient of purified IgG from CP was quantified by normalizing band intensity of S in the no-antibody control the same incubation. In

panel C) the relative band intensity of proteolytic degradation species (defined as cumulative band intensity below the S protein monomer) was quantified and

noise-corrected by subtracting intensitymeasured in the same search area for the no-antibody control for full virus incubations.Molecular weight ladders from the

aligned Commassie-stained gels are shown for reference and labeled with L. The molecular weight marker in panel A refers also to panel B, as both experiments

were on the same gel.
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the same conditions as in the modified PRNT, revealing that

binding was roughly equivalent at the two temperatures (Fig-

ure 5C). Therefore, antibody-viral complexes should form with

equal affinity at the two different temperatures used in this assay

and differences in neutralization activity reflect only the contribu-

tion of antibody-mediated catalysis.

Modified PRNT assays were performed at three different

temperatures using heat-treated CCP3 with SARS-CoV-2 A.3

isolate HP00076. Samples incubated at 37�C achieved a geo-

metric mean IC50 of 619.8 (95% CI 404.9, 948.8), while the

4�C and room temperature (RT) were found to be 137.5 (95%

CI 93.75, 201.8) and 118 (95% CI 54.75, 254.1), respectively

(Figures 6A and 6B). The 4�C and RT showed statistically signif-

icant lower geometric mean IC50 values compared to 37�C, with

the fold difference ranging from 1.16- to 5.25-fold. Next, puri-

fied IgG from CCP3 was tested in the same live virus neutraliza-

tion assay. The geometric mean for the samples incubated at

37�C was IC50 of 770 mg/mL (inverse IgG dilutions; 95% CI

274.8, 2157), followed by 208.4 mg/mL (95% CI 131.9, 329.2)

and 259.5 mg/mL (95% CI 253.2, 265.9; Figure 6C) for RT and

4�C. The 4�C and RT showed statistically significant lower geo-

metric mean IC50 values than 37�C, with the fold difference

ranging from 1.25- to 3.69-fold. The finding that the fold-in-

crease observed for heat-treated CCP3, containing the full

complement of antibody subtypes, was greater than purified
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polyclonal IgG suggests that antibodies of other isotypes are

similarly catalytically active.

Variant S proteins are still susceptible to proteolysis by
CCP obtained prior to variant emergence
Given that the four main CCP samples analyzed in this study

were acquired near the beginning of the pandemic when the

ancestral SARS-CoV-2 strain predominated, we were interested

in whether substitutions found in the S protein from subsequent

VOC (VOC) affected antibody-mediated proteolysis. Mutations

frequently associated with VOC within the RBM epitopes used

in this study (residues K444-L452 and V483-S494) were selected

for further characterization in the established RBM proteolysis

FRET assay: S494P, E484K, and L452R (Figure 7A). These mu-

tations correspond to VOCs Alpha B.1.17 (S494P), Beta/

Gamma (E484K), and Delta (L452R). RBM1 and RBM2 variant

sequences were again synthesized as quenched fluorescent

peptides to assess the reactivity of these altered peptide epi-

topes. While affinity-purified CCP3 IgG proteolyzed the RBM1

epitope containing a. L452Rmutation with a velocity comparable

to the wildtype peptide sequence, E484K and S494P (RBM2)

mutations were completely unreactive in the FRET assay (Fig-

ure 7B and Table S4). Next, rRBDs of the corresponding variants

were subjected to the same immunoblot proteolysis analysis as

before. In contrast to the reactivity pattern observed in variant



Figure 5. Temperature dependence of RBD proteolysis by CCP en-

ables separation of binding and catalysis

(A) Recombinant RBD was incubated with affinity-purified IgG from two

different CP donors (CCP1 and CCP3) for 7 days at three different tempera-

tures, and the reactions were visualized by immunoblot. The RBD band in-

tensities were quantified and compared for each digestion reaction at each

temperature. Molecular weight ladders from the aligned Commassie-stained

gels are shown for reference and labeled with L.

(B) Quenched fluorescent RBM epitope peptides were incubated with serially

diluted, complement-treated CCP3 antibody for 16 h and endpoint fluores-

cence was measured to assess peptide cleavage. Each reaction was run in

duplicate on separate plates which were incubated for the same time at 4, 25,

or 37�C. The average total endpoint peptide cleavage observed across all

dilutions at 25�C and 4�C was 0.51- and 0.22-fold of that seen at 37�C,
respectively for RBM1, and 0.59- and 0.25-fold for RBM2. Fluorescence

values, normalized to 37�C at each dilution, are labeled in each cell.

(C) CCP binding of rRBD is comparable at 4 or 37�C. Antibody binding at the

two different temperatures was measured by indirect ELISA, where heat-

treated CCP3 (left) or purified IgG from CCP3 were incubated with RBD sub-

strates at the two temperatures and binding efficiency was measured.

Measured absorbance values at 405 nm as plotted as the mean ± S.D. of 2

replicates with respect to dilution of serum or antibody.
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peptides, the degree of CCP3 antibody proteolysis of each cor-

responding variant rRBD domain was equivalent, or even

greater, to that of the wild-type rRBD (Figure 7C). However, the

relative reduction in band intensity of variant rRBDs incubated

without antibody suggested that variant rRBDs, especially Omi-

cron rRBD, have intrinsically lower thermostability.
DISCUSSION

Our study demonstrates that antibodies in CCP exhibit proteo-

lytic activity specific to the S protein of SARS-CoV-2, contrib-

uting to their antiviral function. Using peptide substrates derived

from the RBM epitope of the RBD of SARS-CoV-2, an FRET

screen was established to rapidly screen CCP for epitope cleav-

age. We demonstrated that cleavage is an antibody-mediated

process by measuring the proteolytic capacity of CCP, heat-

treated plasma, and affinity-purified IgG derived from CCP.

The RBM2 epitope (40% of the ACE2 interface) was almost

2-fold as reactive as RBM1 (Class II nAb interface and partial

ACE2 interface). Interestingly, the a-RBD IgG concentrations in

the four CCP units in our initial screen did not correlate well

with proteolytic efficiency, as we observed that samples with

very low a-RBD titers demonstrated measurable cleavage of

both RBM epitopes. However, several lines of evidence strongly

suggest that RBD-specific antibodies drive the observed prote-

olysis. First, the relative cleavage of epitope probes by CCP IgG

compared to nonimmune IgG was significantly faster. Second,

the depletion of specific antibody from plasma resulted in signif-

icant reductions in cleavage velocity, despite the very low frac-

tion of specific antibody in the total Ig pool. We also saw a

weak but significant correlation between RBM1 cleavage and

RBD-specific titers in our second CCP library and no correlation

for RBM2. The lack of strong correlation could be partially ex-

plained by the specific probes used in this study, which only

report on cleavage at two specific RBD epitopes. Catalytic activ-

ity of a-RBD Abs recognizing alternative epitopes, or conforma-

tional epitopes contained within the probe sequences, is not

captured by this screen. In particular, the RBM2 sequence fea-

tures a disulfide linkage which enforces a sharp turn in the pep-

tide backbone in the protein but is absent from the pep-

tide probe.

Further, this could reflect either a greater ratio of antibodies

specific to the RBM epitopes used on the screen or a greater ra-

tio of antibodies with catalytic properties, in the low-titer sam-

ples. It may also suggest some cross-reactivity of existing anti-

bodies directed against endemic coronavirus.47,48 Alternatively,

it has been posited that antibodies which undergo positive se-

lection are less likely to be catalytic, as antigenic occupancy

of B cell receptors would be reduced if antigen is proteolyzed,

thus disfavoring clonal expansion during the B cell differentia-

tion process.49–51 Indeed, our findings that nonimmune plasma

and depleted plasma still exhibits observable RBD epitope pro-

teolysis suggests that constitutively expressed naive antibodies

may account for some nonspecific cleavage. However, the

enhancement of RBD cleavage observed in high-titer CCP indi-

cates that proteolytic activity is not completely eliminated in an-

tibodies that undergo affinity maturation, and that greater spec-

ificity and titer may enhance the activity of such antibodies

compared to naive immunoglobulins.

Analysis of protease inhibitor screen revealed the potent inhib-

itory effect of the serine protease inhibitor AEBSF, suggesting

that a large proportion of catalytic antibodies found in CCP3

use cleavage mechanisms similar to conventional serine prote-

ases. A smaller fraction of catalytic antibodies is also inhibited

by aminopepsidase inhibitors. Serine protease-like mechanisms

for catalytic antibodies have been previously hypothesized, and
Cell Chemical Biology 30, 1–13, July 20, 2023 7



Figure 6. Viral neutralization correlates with antibody-mediated S protein damage

The CCP3 convalescent plasma or purified IgG samples were tested against three different temperatures using A.3 lineage isolates to determine virus

neutralization activity.

(A) Serial dilutions of heat-treated plasma were assessed for their ability to inhibit plaque formation, with plaque reduction normalized to no serum controls at the

same dilution. IC50 (half maximal inhibitory concentration) was calculated using the inhibition-dose response of plaque reduction over 2-fold serial dilutions of

plasma starting from 1:20 using (B) heat-treated CCP3 or (C) purified IgG from CCP3. Geometric mean titer and 95% confidence intervals are indicated and the

geometric mean fold drops between temperatures is denoted above each dataset. CCP3 heat-treated plasma and affinity-purified CCP3 IgGwere assessedwith

four and two technical replicates, respectively. Statistical significance was measured using the Mann Whitney matched rank test, **p = 0.0286.
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catalytic triads reminiscent of serine protease active sites were

identified in nearly a quarter of annotated catalytic antibodies

with deposited structures.32 On the other hand, aminopepsi-

dases only cleave at the amino terminus of polypeptide chains,

and as such would require an initial cleavage by an endopro-

tease in order to further degrade the RBD. Interestingly, the

aggregate effect of all inhibitors in this screen (57%) would not

completely abrogate the activity of CCP3, suggesting that there

are additional noncanonical, antibody-specific mechanisms at

play that are not attenuated by traditional inhibitors.52

Using purified antibody from a CCP sample with high specific

antibody titer and efficient proteolysis kinetics (CCP3), we

observed extensive antibody-mediated proteolysis of recombi-

nant S protein domains. Importantly, incubation of authentic

SARS-CoV-2 virions with CCP3 IgG likewise resulted in S protein

fragmentation. The total extent of CCP3 IgG cleavage of viral S

was less than that of recombinant S domains (15% vs. 51–

70% degradation of authentic virus and recombinant S1/RBD

catalyzed by 1 mg/mL CCP3 IgG). This could be attributable to

the b-propiolactone deactivation method used, which can intro-

duce stabilizing crosslinks to the S protein52,53 or partial shield-

ing of epitopes in the trimeric S configuration. Regardless, when

viral neutralization by CCP3 was directly assessed using a modi-

fied PRNT assay, we observed significantly more potent neutral-

ization at the catalysis-permissive temperature compared to the

low temperature which permits only antigen binding. Further-

more, antibody-mediated proteolysis of the S protein appears

to be a widespread phenomenon, as we observed RBM proteol-

ysis across two large libraries of CCP and measured a correla-

tion between antibody neutralization capacity and proteolytic

efficiency of RBM epitopes. We note that this correlation may

be improved if the extended antibody incubation time employed

in this study (to allow for more extensive antigen cleavage) was

used in the original virus neutralization measurements of the

library. Additionally, our observation of an inverse correlation

between proteolysis and donor age is intriguing because

younger patients generally do not exhibit severe COVID-19

symptoms.54,55
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Antibody-mediated proteolysis must necessarily work in con-

cert with conventional blocking mAbs to exert relevant influence

on the neutralization process. As antibody neutralization by

blocking works on the order of minutes,56,57 the kinetics of S pro-

tein damage measured in vitro might at first glance seem too

slow to contribute meaningfully to neutralization on the same

timescale. However, while the kinetics of this process are slow

compared to traditional proteases, these activities can exert sig-

nificant immunological effects in vivo, given the long half-life and

high titers of antibodies in circulation31 and considering that the

amount of viral substrate relative to catalyst is quite low

compared to the substrate concentrations processed natural en-

zymes. By extrapolating the in vitro proteolysis kinetics

measured in this study, we calculated that every S protein in

the human body at peak viral load could be proteolyzed within

seconds assuming complete substrate accessibility (see Note

S1 for detailed kinetics argument). Indeed, our in vitro PRNT

data indicates that IC50 for CCP3 decreases 4.5- to 3-fold

when proteolysis is inhibited in heat-treated plasma or purified

IgG, respectively. Hence, 67–78% of the virus was neutralized

via proteolysis in catalytic conditions, as only 22–33%of the anti-

body was required to achieve IC50 values equivalent to the same

antibody in catalysis-inhibited conditions.

An evenmore important role of antibody-mediated proteolysis

may be in the destruction of epitopes undergoing antigenic drift,

such as variant viral proteins. As such, we were particularly inter-

ested if S protein substitutions from important VOC escaped the

proteolytic activity of CCP antibodies elicited before variant

emergence. When RBM variant peptides were analyzed, no

measurable cleavage was observed when S494P and E484K

substitutions were introduced, likely due to abrogation of binding

affinity for these altered peptide epitopes. This finding also pro-

vides further evidence that catalytic antibodies have a high de-

gree of specificity to their cognate epitopes. However, the

CCP antibody did cleave the Delta variant RBM peptide

(L452R) with comparative efficiency to the wild-type sequence,

implying CCP-mediated proteolysis does not rely on the leucine

at this position for recognition. Therefore, at the peptide level,



Figure 7. Antibody-mediated S protein epitope cleavage for VOC

The susceptibility to antibody-mediated cleavage of quenched fluorescent peptides encoding amino acid substitutions within the RBM1 and RBM2 sequences

found in VOCwas determined bymeasurement of fluorescence over time. (A, top) The location of themutations of interest on the structure of RBD are highlighted

as spheres and colored dark blue, yellow, and cyan for L452R, E484K, and S494P substitutions, respectively. The RBD is displayed as dark gray surface

representation and RBM1 and RBM2 peptide epitope locations are highlighted in red, and the entire RBM is colored white. (A, middle) RBD is displayed in the

same orientation as the top panel and colored dark gray. Alpha substitutions are highlighted in cyan, Beta/Gamma substitutions in yellow, Delta substitutions in

dark blue, andOmicron BA.1 substitutions in green. (A, bottom) The RBDwith the same color scheme and orientation as above is displayed in complexwith ACE2

(PBD 6M0J).

(B) Kinetic FRET traces observed when purified CCP3 IgG at concentrations ranging from 10 mg/mL to 156 mg/mL was incubated with each variant RBM FRET

peptide for 5 h. See Table S4 for full proteolytic kinetics of variant RBMpeptides. Each kinetic curve is displayed themean ± S.D. of 2 replicates, and fluorescence

measurements were converted to units of molarity of proteolyzed peptide epitope using each corresponding positive control.

(C) Antibody-mediated proteolysis of recombinant RBD.

protein with S494P, E484K, L452R/T478K, or Omicron substitutions is compared to proteolysis of wild-type recombinant RBD. Recombinant RBD (10 mg/mL)

was incubated with CCP3 IgG (500 mg/mL) or alone at 37�C for 7 days. Band intensities of RBD following the incubation period, normalized to the corresponding

sample at time zero, are labeled for each digestion reaction. Molecular weight ladders from the aligned Commassie-stained gels are shown for reference and

labeled with L.
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certain residues in the S sequence are critical for recognition and

proteolysis, while other mutations can be tolerated, likely due to

the relative prevalence of certain epitopes targeted by the poly-

clonal antibody population. Conversely, on the level of S protein

domains, we observed that rRBD variants were degraded even

more efficiently than the wild-type RBD. Cleavage of Beta/

Gamma and Delta rRBD, but not the corresponding RBM pep-

tides is not unexpected, given that the RBM epitopes comprise

only a small subset of the total available RBD epitopes, many

of which are likely cleaved by cross-reactive catalytic antibodies

specific to conserved epitopes in CCP. Conversely, the
enhancement of variant rRBD degradation with respect to

wild-type protein was surprising. Paradoxically, while these sub-

stitutions are selected for by weakening the binding of non-cat-

alytic antibodies, they may result in RBD structures that are bet-

ter substrates for catalytic antibodies due to slight structural

perturbations which may destabilize the domain and enhance

the proteolytic susceptibility of certain epitopes. For example,

the heavily mutated Omicron RBD is markedly destabilized,

but the destabilization is partially compensated for by additional

mutations in S2 or N-terminal domain in the context of the full S

ectodomain.58,59 While S protein substitutions rapidly weaken
Cell Chemical Biology 30, 1–13, July 20, 2023 9



ll
Article

Please cite this article in press as: McConnell et al., Spike-protein proteolytic antibodies in COVID-19 convalescent plasma contribute to SARS-CoV-2
neutralization, Cell Chemical Biology (2023), https://doi.org/10.1016/j.chembiol.2023.05.011
antibody binding and thus neutralization by competitive binding,

antibody proteolysis ismore durable, perhaps because lower-af-

finity transient binding events are sufficient to permit proteolysis.

In agreement with this model, it was recently reported that CCP

from donors never exposed to newer variants can nevertheless

neutralize novel SARS-CoV-2 variants.60 Further, CCP obtained

more recently and from the same geographic community would

likely contain S-specific antibody with higher binding affinity to

the specific circulating S protein variant.20

Our findings are relevant to the interpretation of results from

earlier studies of antibody-mediated viral neutralization, which

implicated the destabilization of viral proteins driven by immune

complexationwith antibodies. Early evidence for viral destabiliza-

tion by antibodies included the finding that a low proportion of

mAbs specific to poliovirus type 1 was capable of ‘‘disruptive’’

neutralizationwhichwas irreversible bydissolutionof the immune

complexesand resulted in the releaseof geneticmaterial from the

virion.61,62 Two separate groups also reported that a single

neutralizing antibody was sufficient to neutralize 2–4 receptor

proteins in influenza and flavivirus.63,64 In the light of antibody-

mediated viral proteolysis reported here, one could imagine

that catalytic turnover may account for the non-stoichiometric

neutralizing capacity exerted by each antibody in those studies.

More recently, neutralizing antigen-binding fragments (Fabs)

were shown to completely dissociate the envelope glycoprotein

gp120 trimer of human immunodeficiency virus type-1 into

smaller fragments, which were shed from the virion.65 Although

not specifically implicated, antibody-mediated proteolysis could

explain that destabilization. In a separate study, the generation of

proteolytic fragments of gp120 catalyzed by purified IgM and IgA

was directly observed using biotinylated substrates.49,66 Catal-

ysis by natural antibodies is not limited to viral epitopes, as cleav-

age of Staphylococcus aureus extracellular fibrinogen-binding

protein (Efb) has also been reported.51 These studies are consis-

tent with the notion that antibody-mediated catalytic damage of

important microbial virulence factors is likely a common

occurrence.

Limitations of the study
In this study, proteolysis screening of CCP libraries was limited

to the peptide epitopes selected. RBM1 and RBM2 peptides

were adopted based on coverage of common epitopes of known

neutralizing antibodies as well as the known functional impor-

tance to the interaction of the spike protein with the ACE2 recep-

tor. Inclusion of additional peptide sequences derived from

spike, including non-neutralizing epitopes, would provide infor-

mation about the contribution of antibody proteolysis to neutral-

ization for other domains within S1 or S2 subunits. Expansion of

the epitope probe library could capture more of the total catal-

ysis performed by CCP antibodies and is likely to improve the

statistical correlations between catalytic activity and neutraliza-

tion titers for each CCP unit. Further, the use of peptides as

cleavage targets may underestimate the total cleavage of a

particular Spike region if antibodies recognize conformational

epitopes within that sequence. Additionally, though we focused

our in vitro characterization of antibody catalysis on IgG derived

from CCP in this study, it is plausible that antibodies of other iso-

types also contribute to the overall catalysis. In this regard, we

note that much of the viral neutralization capacity of CCP resides
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in the IgM and IgG fractions, the former of which was not specif-

ically evaluated in this study. This analysis was limited to the bulk

properties of polyclonal CCP Abs, a small fraction of which are

specific to spike. Within the specific Ab fraction, it is plausible

that only raremAbs are responsible for catalytic activity. Analysis

of monoclonal Abs could address this question and establish

critical determinants of specific paratope or epitope sequences

that enable antibody catalysis.

SIGNIFICANCE

Traditionally, antibody-mediated viral neutralization is

thought to occur by passive binding mechanisms. Anti-

bodies can directly interfere with critical viral processes

such as host receptor binding, conformational changes

associated with membrane fusion, or the release of viral

genome into the cytoplasm. Antibodies also indirectly re-

cruit complement or effector cells to clear circulating vi-

rions.67,68 However, our finding that antibody-mediated pro-

teolysis of the receptor-engagingmachinery of SARS-CoV-2

is associated with virus neutralization implies an additional

active role for immunoglobulins in combating viral infec-

tions. For example, low-affinity antibodies with significant

off-rates have limited neutralization potency due to the

reduced timescale of competitive blocking. However, if pro-

teolysis occurs before dissociation, viral deactivation is

achieved via irreversible destabilization of viral virulence

factors. Furthermore, whereas non-catalytic antibodies

deactivate virus stoichiometrically, catalytic antibodies can

turn over and cleave multiple molecules per antibody para-

tope, thus amplifying their potency. Finally, catalytic anti-

bodies which recognize non-neutralizing epitopes can still

directly impact neutralization by destabilizing the S protein

tertiary and quaternary structure and would not be limited

by the conformational shielding of the important epitopes,

such as the RBM. Taken together, we predict that anti-

body-mediated catalysis is an immunologically relevant

feature of the humoral immune response which works in

concert with conventional antiviral activities of antibodies.

Our findings suggest that characterization of the catalytic

capacity of convalescent plasma or monoclonal antibodies

could provide insights into an additional axis of antibody at-

tributes that drives viral protection.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Polyclonal Rabbit RBD antibody Sino Biological Cat#40592-T62; RRID:AB_2927483

Europium-labeled Goat a-Mouse IgG Molecular Devices Cat#R8208

HRP-conjugated Goat anti-Rabbit Ig Southern Biotech Cat#4010-05; RRID:AB_2632593

Monoclonal Anti-SARS Coronavirus/SARS-Related

Coronavirus 2 Spike Glycoprotein Receptor

Binding Domain (RBD)

Sino Biological Cat#40150-D001

Goat a-Human IgG H + L-AP Southern Biotech Cat#2040-04;

Bacterial and virus strains

SARS-CoV-2 clade A.3 isolate

SARS-CoV-2/USA/MD-HP00076/2020

Division of Medical Microbiology,

Department of Pathology,

Johns Hopkins School of

Medicine, Baltimore,

Maryland, USA

GISAID accession number:

EPI_ISL_438234

Biological samples

Patient convalescent plasma Johns Hopkins Hospital,

Department of Pathology,

Transfusion Medicine Division

See Table S5,27,40,69,70

Chemicals, peptides, and recombinant proteins

Synthetic quenched fluorescent peptide (RBM1) Peptide 2.0 [7-methoxycoumarin-4-acetic acid]

(Mca) – KVGGNYNYL – K(Dnp)

[2,4-dinitrophenyl]

Synthetic quenched fluorescent peptide (RBM2) Peptide 2.0 [7-methoxycoumarin-4-acetic acid]

(Mca) – VEGFNCYFPLQS – K(Dnp)

[2,4-dinitrophenyl]

Proteinase K Invitrogen Cat#25530049

AEBSF Thermo Scientific Cat#78431

Bestatin Thermo Scientific Cat#78433

E-64 Thermo Scientific Cat#78434

Pepstatin-A Thermo Scientific Cat#78436

SARS-CoV-2 Spike RBD-coupled magnetic beads Acro Biosystems Cat#MBS-K002

Recombinant RBD (wild-type) Sino Biologicals Cat#40592-V08H

Recombinant RBD (S494P) Sino Biologicals Cat#40592-V08H18

Recombinant RBD (E484K) Sino Biologicals Cat#40592-V08H84

Recombinant RBD (L452R/T478K) Sino Biologicals Cat#40592-V08H90

Recombinant RBD (Omicron; G339D/S371L/S373P/

S375F/K417N/N440K/G446S/S477N/T478K/E484A/

Q493R/G496S/Q498R/N501Y/Y505H)

Sino Biologicals Cat#40592-V08H121

Recombinant S1 (wild-type) Sino Biologicals Cat#40591-V08H

SuperSignal West Pico PLUS

Chemiluminescent Substrate

Fisher Scientific Cat#34577

para-Nitrophenylphosphate (PNPP) Sigma-Aldrich Cat#S0942-100TAB

b-propiolactone Millipore Sigma Cat#P5648-1ML

DMEM Gibco-Thermo Fisher Cat#11965118

Fetal Bovine Serum Gibco-Thermo Fisher Cat#F2442-500ML

Glutamine Life Technologies Cat#25030081

Sodium Pyruvate Sigma Cat#S8636-100ML

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Penicillin Quality Biologicals Cat#120-095-721

Streptomycin Quality Biologicals Cat#120-095-721

Methylcellulose Sigma-Aldrich Cat#435244-250G

Critical commercial assays

NAb Protein A/G spin columns Thermo Fisher Cat#89958

4-20% Mini-PROTEAN TGX protein gels BioRad Cat#4561096

Immobilon-P transfer membranes Millipore Cat#IPVH00010

Bicinchoninic acid assay Thermo Fisher Cat#23227

Deposited data

Raw immunoblot images, raw FRET kinetics data Mendeley Data https://doi.org/10.17632/28cft6pz76.2

Experimental models: Organisms/strains

VeroE6-TMPRSS2 Cell repository of the

National Institute of

Infectious Diseases, Japan

RRID: CVCL_YQ49

Software and algorithms

GraphPad Prism Graphpad Software https://www.graphpad.com/

scientificsoftware/prism/

ImageJ Schneider et al.71 https://imagej.nih.gov/ij/

Adobe Illustrator Adobe https://www.adobe.com/

Excel Microsoft https://www.microsoft.com/

en-us/microsoft-365/excel

BioRender BioRender https://biorender.com/

R 4.2.1 R Core Team https://www.r-project.org/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Arturo

Casadevall (acascade1@jhu.edu).

Materials availability
This study did not generate any new unique reagents.

Data and code availability
d Raw FRET kinetics data for de-indentified human plasma samples and original western blot images have been deposited at

Mendeley and are publicly available as of the date of publication. Additional Supplemental Items available from Mendeley

Data at https://doi.org/10.17632/28cft6pz76.2.

d This paper does not report original code.

d All data reported in this paper and any additional information required to reanalyze the data reported in this paper is available

from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects
The main CCP samples (CCP1-4) were thawed plasma samples from volunteer apheresis convalescent plasma donors obtained in

June 2020 from the Transfusion Medicine Division, Department of Pathology at the Johns Hopkins Hospital. The first library of CCP

samples was selected at random from a set of 300 recent convalescent plasma donors collected for two clinical trials27,69 (see

Table S5 for detailed description of eachCCP sample). The first donor cohort was composed of 22 (49%)males and 24 (51%) females

with a mean age of 46 years. The second library, also collected for clinical trials, consists of 126 highly characterized CCP samples

and the principal cohort of the study has been previously described.40,70 Briefly, for both the first and second libraries, individuals

were previously diagnosed with SARS-CoV-2 infection by PCR+ nasal swab who met the standard eligibility criteria for blood dona-

tion and were collected in the Baltimore, MD, and Washington DC area (Johns Hopkins Medical Institutions, JHMI cohort). The
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second cohort was composed of 68 (54%) males and 58 (46%) females. 12 (10%) cases were severe enough to require hospitaliza-

tion (median duration of stay 5 days; interquartile range 2–7 days). Plasma was collected from each donor approximately one month

after symptomonset or the first positive PCR test in the case ofmild or asymptomatic disease (see Table S5 for detailed description of

each CCP sample). Human subject research was approved by both the Johns Hopkins University School of Medicine’s Institutional

Review Board. Nonimmune plasma samples were randomly selected from leftover control plasma from the early treatment random-

ized control trial collected in November 2020 and confirmed seronegative.27 All participants provided informed written consent.

Viral strains
SARS-CoV-2 clade A.3 isolate (SARS-CoV-2/USA/MD-HP00076/2020 GISAID accession number EPI_ISL_438234) were used for

PRNT or deactivated for use in in vitro degradation immunoblot assays.

Cell lines
Female VeroE6-TMPRSS2 were cultured at 37�Cwith 5% carbon dioxide in a humidified chamber, using complete medium consist-

ing of minimum essential medium (MEM) supplemented with 10% fetal bovine serum, 1 mmol/L glutamine, 1 mmol/L sodium pyru-

vate, 100 mg/mL penicillin, and 100 mg/mL streptomycin. For each experiment, cells were plated in 6-well dishes and grown to 75%

confluence.

METHOD DETAILS

Purification of antibodies from CCP
Polyclonal antibodies from CCP were purified by NAb Protein A/G spin columns (Thermo Fisher) according to the manufacturer’s

protocols. Purified mAbs were assessed for purity by separation with SDS-PAGE and protein staining with SimplyBlue Coomassie

stain (Thermo Fisher). The total mAb concentration was then determined by Beer’s Law using absorbance at 280 nm and approxi-

mate molar absorptivity coefficients for human IgG. Purified polyclonal antibody mixtures were then heat-treated at 55�C for 30 min

and centrifuged at 5000 x g to denature any selectively residual non-antibody biomolecules.

FRET assay
Quenched fluorescent peptides appended with 7-methoxycoumarin-4-acetic acid (Mca) and 2,4-dinitrophenyl (Dnp) at the

N-terminus and C-terminal lysine sidechain, respectively, were synthesized by Peptide 2.0. Kinetic assays with the RBD FRET pep-

tides were performed by diluting each antibody with PBS in 40 mL in an opaque microtiter assay plate (Corning 3993). To each well,

10,000–156 mg/mL of purified CCP antibody, 1- to 64-fold dilution of serum was mixed with 75 mM of RBD FRET peptide was added.

Fluorescence wasmeasured with excitation and emission wavelengths of 320 and 405 nm, respectively, and an emission cutoff filter

at 320 nm, using the SpectraMax M5 plate reader (Molecular Devices) at a constant temperature of 37�C. Wells were set up in dupli-

cate and fluorescence was measured every minute for 5 h, with a 3 s mixing step between reads. The maximal RFU value measured

for the positive control proteinase K (Invitrogen; 2 mg/mL) digestion of RBM FRET peptides (PKmax) was considered complete pep-

tide cleavage (75 mM) and the ratio of maximal RFU for each condition to PKmax was used to calculate total peptide cleavage for each

antibody at 200min, which was then used to calculate initial velocity. For the protease inhibitor screen, the assay set up was identical

except for the supplementation of AEBSF (Thermo Scientific), bestatin (Thermo Scientific), E�64 (Thermo Scientific), and pepstatin-A

(Thermo Scientific) at constant working concentrations of 1 mM, 40 mM, 10 mM, and 1.5 mM, respectively. For inhibitors dissolved in

organic solvents (E�64, 50% EtOH; bestatin and pepstatin-A, 100% MeOH), an equivalent amount of the carrier solvent was sup-

plemented to proteolysis reactions without inhibitor as control.

RBD-specific antibody depletion from CCP
SARS-CoV-2 Spike RBD-coupled magnetic beads (Acro Biosystems) were incubated with heat-treated CCP3 plasma overnight at

4�C with gentle rotation. The magnetic beads were then separated from the CCP3 using a magnetic separator, and the supernatant

(containing RBD-specific Ab-depleted plasma) was removed. The efficiency of RBD-specific antibody removal was assessed

by ELISA.

Degradation assay of recombinant S1 or RBD recombinant protein
Recombinant proteins were obtained from Sino Biologicals and reconstituted in sterile water at 0.25 mg/mL. RBD constructs con-

tained SARS-CoV-2 amino acid sequence from R319-F541 and a C-terminal polyhistidine tags. The spike S1 construct contained

SARS-CoV-2 S protein amino acid sequence Val16-Arg685 and a C-terminal polyhistidine tag. Recombinant S1 subunit or RBD

was dissolved in 1XDPBS at a concentration of 50 or 10 mg/mL, respectively. Antibody was added to the reactions at concentrations

ranging from 125 to 2000 mg/mL and the reactions were incubated at 37�C with rotation for a period of up to 7 days. The reactions

were then separated under reducing conditions using 4–20% Mini-PROTEAN TGX protein gels (BioRad) and transferred to

Immobilon-P transfer membranes (Millipore) in transfer buffer (20%methanol, 48 mM Tris, 39 mM Glycine, 0.00375% SDS (Sodium

Dodecyl Sulfate)) for 10min at 1.3 A and 25V using a Trans-Blot Turbo Transfer System (BioRad). The membranes were then blocked

with 5% BSA (Bovine Serum Albumin) + 0.1% TWEEN 20 for 1 h and blotted with primary antibody overnight at 4�C in blocking so-

lution. Themembraneswere thenwashed 5xwith TBST (Tris, NaCl, 0.1%TWEEN 20) and probedwith a secondary antibody for 1 h at
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37�C with gentle shaking. Polyclonal Rabbit anti-RBD antibody (Sino Biological) was employed as the primary antibody, and Euro-

pium-labeled Goat a-Mouse IgG (Molecular Devices) or HorseRadish Peroxidase (HRP)- conjugated Goat anti-Rabbit Ig (Southern

Biotech) was used as the secondary antibody. Membranes were then washed 5x with TBST. For HRP detection, membranes were

developed with SuperSignal West Pico PLUS Chemiluminescent Substrate (Fisher Scientific), and chemiluminescent signal was de-

tected with a ChemiDoc Imaging System (BioRad). For Europium detection, membranes were imaged using the time-resolved fluo-

rescence ScanLater Western Blot protocol on the SpectraMax iD5 (Molecular Devices).

Indirect enzyme-linked immunosorbent assays
96-well high-binding polystyrene plates (Corning, 9018) were coated with 2 mg/mL rRBD (Sino Biologicals, 40592-V08H) overnight at

4�C, with gentle shaking. The plates were then blocked with blocking solution (TBST +1% BSA) for 1 h at 37�C and then washed 5x

with TBST. For antibody standards, monoclonal human anti-RBDmAb (Sino Biological) was added to wells at concentrations ranging

from 50 to 0.8 mg/mL. Purified antibodies from CCP samples were added to plates at total antibody concentrations ranging from 500

to 7.8 mg/mL. Plates were incubated at 37�C for 1 h with gentle shaking and washed 5x with TBST. For detection, 50 mL Goat a-Hu-

man IgG H + L-AP (Southern Biotech) was added at a concentration of 1 mg/mL and the plates were again incubated at 37�C for 1 h

and washed 5x with TBST. 50 mL 1 mg/mL of para-nitrophenylphosphate (PNPP; Sigma) substrate was added to determine the con-

centration of antibody in each well and the absorbance at 405 nm was measured in each well with the EMax Plus Microplate reader

(Molecular Devices). Absorbances from the CCP antibody were interpolated into the standard curve to determine the percentage of

RBD-specific antibody in each CCP sample.

Virus inactivation procedure
Vero TMPRSS2 cells in flasks with 90–100% confluence were infected with the specific SARS-CoV-2 isolate at a multiplicity of infec-

tion (MOI) of 0.01, incubated for 3days at 33�C, upon which virus supernatant was collected, centrifuged, and inactivated with the

addition of 0.05% b-propiolactone and incubation at 4�C for 24 h followed by a 2 h 37�C incubation. The inactivated virus particles

were purified by ultracentrifugation in a Beckman SW28TU rotor at 25,000 rpm for 1 h at 4�C with a 20% sucrose gradient and the

virus pellet was resuspended in 1XPBS+. To confirm the virus had been successfully inactivated, a TCID50 assaywas performed.72 A

bicinchoninic acid assay (BCA; Pierce) was used to estimate the relative viral protein concentration.

Plaque reduction neutralization test (PRNT) assay
The SARS-CoV-2 PRNT has been described previously.73 Briefly, VeroE6-TMPRSS2 cells were seeded in a sterile 6-well plate and

incubated at 37�C until 100% confluent. Heat-treated CCP3 convalescent plasma or purified IgG samples (stock = 17.1 mg/mL total

IgG, 4.78 mg/mL a-RBD IgG) were diluted to 1:20 using DMEM containing 2.5% FBS (Gibco, Thermo Fisher Scientific), 1 mM gluta-

mine (Invitrogen, Thermo Fisher Scientific), 1 mM sodium pyruvate (Invitrogen, Thermo Fisher Scientific), 100 U/mL penicillin (Invitro-

gen, Thermo Fisher Scientific), and 100 mg/mL streptomycin (Invitrogen, Thermo Fisher Scientific)40 and serially diluted in 2-folds until

1:2560. Each dilution and a non-plasma control were incubated with 100 plaque-forming units (PFU) of a SARS-CoV-2 clade A.3

isolate. For each experiment, three sets of diluted samples were prepared. The first set of virus-plasma mixtures were incubated

for 1 h at RT, the second set of samples were incubated for 6 h at 37�C, and the third set was incubated for 6 h at 4�C. After the in-

cubation 250 mL of each mixture was overlaid on VeroE6-TMPRSS2 monolayers in duplicate wells for 1 h at 37�C. Then the virus-

plasma mixture was carefully aspirated and 2 mL of sterile 1%methylcellulose (a mixture of equal parts 2%methylcellulose (Sigma)

and equal parts of 2X MEM (Gibco) supplemented with 1% Penicillin and Streptomycin, 1% GlutaMAX and 10% FBS) were overlaid

into each well and incubated for 48 h at 37�C. The plates were then fixed with 4% formaldehyde overnight and stained with Napthol

Blue Black. IC50 was calculated based on PFU counts using the inhibition dose-response, non-linear regression model using the

GraphPad Prism 9 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis
Data were analyzed in Excel (Microsoft, Redmond, WA) and graphed in Prism 9.0 (Graphpad, San Diego, CA). For the two CCP co-

horts, Spearman correlations of epitope cleavage observed by FRET for RBM1 or RBM2 and donor age or days since PCR positive

diagnosis of COVID-19, anti-Spike antibody or nAb AUCwere conducted.Missing datawere excluded (available casemethod). Anal-

ysis was performed in R 4.2.1 (R Core Team, Vienna, Austria). Statistical significance for PRNT data was measured using the Mann

Whitney matched rank test, using GraphPad Prism. Two-tailed p value <0.05 was considered statistically significant.
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